In this paper, the system Li 2 SO 4 -Na 2 SO 4 is proposed as a candidate material for thermal energy storage applications at high temperatures (450-550 • C). Depending on the composition, the thermal energy can be stored by using a eutectoid reaction and solid-solid phase transition. In these types of systems, all the components (reagent and products) are in the solid state. This work includes the theoretical analysis (based on the Calphad method) of the system selected obtaining all the theoretical parameters (for example, enthalpies of reaction, transition temperatures, volume expansion, and the heat capacities) necessary to determine the theoretical performance in terms of thermal energy storage. The theoretical analysis allowed to identify two compositions (Li 2 SO 4 /Na 2 SO 4 79/21 and 50/50) in the phase diagram with the most promising theoretical enthalpy of transformation (270 J/g and 318 J/g, respectively) corresponding to a eutectoid reaction and a solid-solid phase transition (stoichiometric compound LiNaSO 4 ). The experimental analysis carried out allowed to confirm the great potential of this system for TES application even if some discrepancies with the theoretical calculation have been observed experimentally (energy densities lower than expected). For the two compositions studied, 79/21 and 50/50, the enthalpies of reaction are 185 J/g and 160 J/g, respectively. The reactivity of the system was tested under different experimental conditions preparing materials with a different degree of nanocrystallization to favor the diffusion in the solid state, testing the reactivity of the materials under controlled atmosphere and under air, and performing preliminary durability analysis (cycling behavior up to 20 cycles) to test the stability and reversibility.
Introduction
In a previous paper, we reported the great potential of using solid state reactions for the storage of thermal energy [1] . In the paper, we present a list of possible reactions (over a wide range of temperatures) with promising energy densities for the application in thermal energy storage (TES). The use of these typologies of reactions would allow to build "simple", compact and low-cost thermal energy storage systems that could be used in different applications, such as solar, heat in industrial processes, power generation, waste heat recovery, etc. The need to store, among other types of energy, the thermal energy comes from the necessity to decarbonize our society and promote the development of renewable energy sources able to supply energy constantly, without interruption, and able to face the demand of energy in the peak periods [2, 3] . Storing thermal energy will help to the penetration and dispatchability of renewable energies and will contribute to creating a low carbon society for environmental protection increasing energy efficiency and decreasing energy demand [4] [5] [6] . When comparing to other types of thermal storage (sensible, latent and thermochemical [7] [8] [9] [10] ), the use of the set of evaluated and optimized the thermodynamic database for inorganic anhydrous salts. All the key thermodynamic properties (e.g., enthalpy of reaction, specific heats, densities, volume change during the charge/discharge process) of identified eutectoid (Li 2 SO 4 -Na 2 SO 4 79/21) and solid-state phase transition (Li 2 SO 4 -Na 2 SO 4 50/50) were obtained assuming equilibrium conditions. Li 2 SO 4 and Na 2 SO 4 anhydrous powder were supplied by Alfa Aesar with purities of 99.7% and 99%, respectively. The pure powders were placed in an Argon glove box (Brown) with levels of oxygen and humidity lower than 0.1 ppm. This was necessary in order to avoid the hydration of Li 2 SO 4 achieving high precision when preparing the materials with a right stoichiometric ratio. The pure materials (Li 2 SO 4 and Na 2 SO 4 ) were subjected to mechanochemical treatments (Ball milling) in order to maximize the reactivity in the solid state to achieve powders with a controlled microstructure. The goal was to prepare highly reactive materials (high number of defects, high specific surface area, and high contact area) and activate the reaction subsequently by thermal treatment to determine the relationship between microstructure and reactivity.
For this purpose, a Spex mixer mill (875 RPM, Spexsampleprep, Metuchen, NJ, USA), using stainless steel vials and balls, was used. Different batches of pure salts were milled for 2, 4, and 8 h with a ball to powder mass ratio (BPR) of 1.6. The BPR was kept low in order to minimize the possible contamination coming from the milling media during the mechanical treatment. Subsequently, the two salts (milled for the same time) were mixed in the proper stoichiometric ratio (Li 2 SO 4 /Na 2 SO 4 79/21 and 50/50) and subjected to mechanical treatment under mild conditions (for 15 min using three balls of 3 g) to obtain a homogeneous mixture with a good intermixing degree.
Synthesis
The powder mixtures prepared by ball milling were pressed in the form of pellet subjected to a pressure of three tons for 5 min. A pellet die of 12 mm was used. The weight of each sample was around 0.3 g. The pellets were subjected to thermal treatment in an oven inside a specially designed stainless-steel reactor allowing to perform the thermal treatment under controlled atmosphere (argon). To test the reactivity in air similar experiments were carried out with the sample directly placed inside the oven (above an Al 2 O 3 support) performing the heating treatment under air. All the samples were subjected to a heating treatment of up to 550 • C with a heating rate of 10 K/min and a free cooling rate (around 2 K/min as measured by a thermocouple placed inside the oven in the proximity of the sample).
Thermodynamic Characterization
The reactivity of the materials was tested by differential scanning calorimetry (DSC) technique using a Thermal Analysis Q2000 model (TAinstruments, New Castle, PA, USA). This technique allowed to determine the enthalpies of reaction/phase transition, the reaction temperatures, the heat capacities, and the behavior upon multiple cycles (up to 20) between 430 and 550 • C, including isothermal steps of 15 min between subsequent heating and cooling steps. To test the reactivity of the materials under different experimental conditions, different heating and cooling rates were applied (2, 5, 7.5, 10, 15, 20, 25, and 30 K/min). The heat capacities measurements were performed directly using the modulated heating ramp dynamic method. The selected continuous heating rate was 2 K/min. The instrument was previously calibrated using sapphire as standard material. The structural changes of the materials before and after DSC experiments were determined by XRD analysis.
Structural Analysis
The structural analysis of the materials (i) before milling, (ii) after milling, (iii) after synthesis in the oven, and (iv) after DSC was performed by X-ray diffraction analysis using a Bruker D8 Discover () equipped with a LYNXEYE XE detector with monochromatic Cu Kα1 radiation of λ = 1.54056 Å. Patterns were recorded in a 2θ angular range of 10-120 • with a step size of 0.02 • and a step time of 1.5 s. The measurements were performed at room temperature. A full profile fitting procedure of the diffraction patterns [28] based on the Rietveld method [29] was used to gain information about the phases formed and their relative percentages, the crystallite sizes, the microstrain level, and the structural parameters (cell parameters, atomic positions). The morphology of the material was studied by scanning electron microscopy (SEM,) using a Quanta 200 FEG (FEI Company, Hillsboro, OR, USA) scanning electron microscope operated in high vacuum mode at 30 kV and with a backscattered electron detector (BSED). In addition, energy-dispersive X-ray spectroscopy (EDX) analyses were carried out in order to obtain chemical composition maps.
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Theoretical Analysis Results
In Figure 1 the theoretical phase diagram of the Li2SO4-Na2SO4 system obtained using the FactSage software is reported. Analyzing the available experimental literature data, some discrepancies can be detected concerning the position of the eutectoid reaction (see Equation (1)).
The Calphad method ( Figure 1 ) predicts the eutectoid reaction at the composition Li2SO4-Na2SO4 79/21 This result is similar to the experimental one obtained by Schroeder et al. [30] but differs from the results of Mata et al. [21] and Nacken et al. [31] where the eutectoid reaction is placed at the composition Li2SO4/Na2SO4 72.6./27.4. In this study, following the theoretical results obtained using the Calphad method, the compositions 79/21 and 50/50, with the highest theoretical energy densities were investigated experimentally.
The eutectoid reaction corresponding to the composition Li2SO4/Na2SO4 79/21 is reported below:
In this reaction, the β-Li2SO4 (monoclinic structure) and the stoichiometric compound β-LiNaSO4 (trigonal structure) react (at the proper temperature) forming the solid solution α-Li2SO4(ss) (cubic structure). For the composition Li2SO4/Na2SO4 50/50 the stoichiometric compound LiNaSO4 (at the proper temperature) undergoes a phase transition from the low-temperature phase (β-phase, trigonal structure) to the high-temperature phase (α-phase, cubic structure).
In Table 1 , the theoretical results for the enthalpy of reaction/transition, volumetric energy density, density, and heat capacity (at the transition temperature) obtained from the theoretical study are reported. Analyzing the available experimental literature data, some discrepancies can be detected concerning the position of the eutectoid reaction (see Equation (1)).
The Calphad method ( Figure 1 ) predicts the eutectoid reaction at the composition Li 2 SO 4 -Na 2 SO 4 79/21 This result is similar to the experimental one obtained by Schroeder et al. [30] but differs from the results of Mata et al. [21] and Nacken et al. [31] where the eutectoid reaction is placed at the composition Li 2 SO 4 /Na 2 SO 4 72.6./27.4. In this study, following the theoretical results obtained using the Calphad method, the compositions 79/21 and 50/50, with the highest theoretical energy densities were investigated experimentally.
The eutectoid reaction corresponding to the composition Li 2 SO 4 /Na 2 SO 4 79/21 is reported below:
In this reaction, the β-Li 2 SO 4 (monoclinic structure) and the stoichiometric compound β-LiNaSO 4 (trigonal structure) react (at the proper temperature) forming the solid solution α-Li 2 SO 4 (ss) (cubic structure). For the composition Li 2 SO 4 /Na 2 SO 4 50/50 the stoichiometric compound LiNaSO 4 (at the proper temperature) undergoes a phase transition from the low-temperature phase (β-phase, trigonal structure) to the high-temperature phase (α-phase, cubic structure).
In Table 1 , the theoretical results for the enthalpy of reaction/transition, volumetric energy density, density, and heat capacity (at the transition temperature) obtained from the theoretical study are reported. From the theoretical results, the composition corresponding to the stoichiometric compound LiNaSO 4 (50/50) should be the most energetic one compared to the eutectoid composition (79/21), where, a mixture of Li 2 SO 4 and LiNaSO 4 is expected at room temperature.
Experimental Results and Discussion
In Figure 2 the DSC results relevant to the two compositions "as received", i.e., not subjected to any preliminary ball milling treatment (only intermixing for 15 min) are reported. Before to record the DSC signals, all the samples were submitted to a preliminary treatment in the oven (inside the hermetically closed DSC aluminum holders) in order to detect any unwanted side reaction (corrosion) with the holder. All the measurements were carried out with a heating rate of 5 K/min performing three heating/cooling cycles between 430 and 550 • C under controlled atmosphere. For both compositions, the presence of only one peak during heating and cooling suggests that the materials were prepared properly with the correct stoichiometric ratio, especially in the case of the composition 79/21 where some differences were detected between the experimental values reported in the literature. For both compositions, the energy relevant to the transition is quite high, 158 J/g and 184 J/g for 50/50 and 79/21 compositions, respectively, but lower than the theoretical ones reported in Table 1 . In order to determine if the differences between the experimental values and the theoretical ones were due to a not complete reactivity in the solid state, the synthesis of the pure material with different microstructures was carried out with the aim to increase the reactivity in the solid state (see Section 2.2).
The powdered materials obtained after ball milling treatment (for 2, 4, and 8 h + mixing for 15 min) were analyzed by X-ray diffraction analysis in order to study their microstructure and if any reactivity in the solid state was promoted by the mechanochemical treatment, keeping in mind that the goal of the ball milling treatment was only to produce very fine powder (decreasing of the crystallite sizes/increasing the specific surface area) and to guarantee a high dispersion level of the reactants (high intermixing degree) to maximize the reactivity during the subsequent heating treatment. The same analysis was carried out for the two compositions investigated (50/50, 79/21) obtaining similar results. Figure 3 , the XRD patterns for the composition 50/50 as a function of the milling time (the pure materials milled 0, 2, and 8 h) are shown. In Figure 3 , the XRD patterns for the composition 50/50 as a function of the milling time (the pure materials milled 0, 2, and 8 h) are shown. The ball-milling treatment activates the reaction in the solid state even if, for the intermixing of the pure compounds (milled 0, 2, 4, and 8 h), mild milling conditions were applied. This is confirmed by the partial conversion of the reactant in the stoichiometric phase LiNaSO 4 (room temperature β-phase ICSD 14364) after 15 min of milling. Moreover, for all the samples, the phases Na 2 SO 4 (ICSD 2895) and hydrated Li 2 SO 4 ·H 2 O (ICSD 22347) are also detected (reflections corresponding to pure Li 2 SO 4 (ICSD 2512) can be observed only in the case of the as-received sample). The hydration of Li 2 SO 4 happens during the XRD exposure due to the long measurement time necessary to obtain high-quality patterns for the refinement procedure. The presence of the hydrated phase affects neither the quantitative analysis to determine the content of LiNaSO 4 nor the reactivity upon heating.
The activation of the reaction during low energy mechanical mixing was not expected. It is well known that mechanical milling is a powerful technique for material destabilization, increasing the number of defects (grain boundaries, dislocation, etc.) and helping to overcome the energetic barrier activating the transformation in the solid state [32] . The Rietveld refinement analysis of the diffraction profiles of the samples 0, 2, 4 (not shown here), and 8 h BM allowed to determine the structural parameters of all the phases detected after milling (cell parameters, crystallite sizes) and to perform the quantitative analysis (a part in the case of the 0 h samples where the goodness of the fit is not sufficient to obtain reliable results). The results of the fitting procedure together with the corresponding error are reported in Table 2 . In the table, the cell parameters (a and b), the crystallite size and the volume fraction relevant to the LiNaSO 4 phase are reported. The structural parameters relevant to the LiNaSO 4 are similar for all the samples studied even if a slight decrease of the cell parameters (a and b) can be observed when going from the sample 0 h BM to the sample 8 h BM. For all the samples, the results show that a considerable amount (between 50 and 60 vol.%) of LiNaSO 4 is formed for very short milling time in mild conditions. Moreover, the results clearly show that the reaction during milling (Li 2 SO 4 + Na 2 SO 4 → LiNaSO 4 ) is independent (or very slightly influenced) by the preliminary treatment of the pure materials (milled at high energy for 2, 4, and 8 h). This is probably due to the high reactivity of the systems that need only small energy (in this case, mechanical energy and the thermal contribution due to the local increase of the temperature at each impact) to overcome the energetic barrier of the reaction/transformation. Moreover, the preliminary mechanical treatment of the pure material does not induce major transformation in the microstructure as shown by the SEM pictures shown in Figure 4 where the 50/50 composition is reported as a function of the milling time. This is probably due to the absence of plastic deformation of the materials resulting from the mechanical properties of the salts.
The EDX analysis, performed on all the samples studied, confirms the absence of contamination coming from the milling media (Fe or Ni) that could influence the reactivity upon milling. These results were expected due to the controlled experimental conditions applied during milling in order to prevent the possible contamination coming from the milling media (see Experimental Section).
The similar nature of the three samples is confirmed by the behavior upon heating. In Figure 5 the DSC signal of the samples milled 0, 2, and 8 h are reported.
The DSC results show that there are no differences in the reactivity of the three samples studied a part a slightly different enthalpy of transformation, probably due to some impurities in the starting materials. This result is very interesting because it confirms the great reactivity of the system, even avoiding any preliminary activation. The EDX analysis, performed on all the samples studied, confirms the absence of contamination coming from the milling media (Fe or Ni) that could influence the reactivity upon milling. These results were expected due to the controlled experimental conditions applied during milling in order to prevent the possible contamination coming from the milling media (see Experimental Section).
The similar nature of the three samples is confirmed by the behavior upon heating. In Figure 5 the DSC signal of the samples milled 0, 2, and 8 h are reported. The DSC results show that there are no differences in the reactivity of the three samples studied a part a slightly different enthalpy of transformation, probably due to some impurities in the starting materials. This result is very interesting because it confirms the great reactivity of the system, even avoiding any preliminary activation.
This aspect is very important when thinking about the application in thermal energy storage because it contributes to maintaining low costs related to the preparation of the material. Moreover, the high energy involved in the transformation (above 150 J/g) is very promising for TES applications The EDX analysis, performed on all the samples studied, confirms the absence of contamination coming from the milling media (Fe or Ni) that could influence the reactivity upon milling. These results were expected due to the controlled experimental conditions applied during milling in order to prevent the possible contamination coming from the milling media (see Experimental Section).
This aspect is very important when thinking about the application in thermal energy storage because it contributes to maintaining low costs related to the preparation of the material. Moreover, the high energy involved in the transformation (above 150 J/g) is very promising for TES applications This aspect is very important when thinking about the application in thermal energy storage because it contributes to maintaining low costs related to the preparation of the material. Moreover, the high energy involved in the transformation (above 150 J/g) is very promising for TES applications at high temperatures. The thermal energy storage performances of these materials will be discussed at the end of this article.
When comparing the results obtained in this paper with the literature, a discrepancy can be highlighted in the enthalpy of the phase transition. Some authors found higher values, ∆H = 213 J/g [12] and lower or comparable values, ∆H = 130 J/g [33] ) and 165.1 J/g) [14] . In this work, the XRD results after the heat treatment (samples 0 h + 15 min. mixing) shows the presence of the pure room temperature β-phase LiNaSO 4 (see Figure 6 ). The XRD pattern shows a considerable texture with the absence of some reflections due to the preparation of the sample in the form of a pellet (see Experimental Section). The cell parameters relevant to the LiNaSO 4 phase are reported in Table 2 . The lower values obtained for both parameters a and c indicate a contraction of the crystal structure (lower volume of the elementary unit), probably due to the releasing of the stresses (introduced by the mechanical treatment) during heating.
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When comparing the results obtained in this paper with the literature, a discrepancy can be highlighted in the enthalpy of the phase transition. Some authors found higher values, ΔH = 213 J/g [12] and lower or comparable values, ΔH = 130 J/g [33] ) and 165.1 J/g) [14] . In this work, the XRD results after the heat treatment (samples 0 h + 15 min. mixing) shows the presence of the pure room temperature β-phase LiNaSO4 (see Figure 6 ). The XRD pattern shows a considerable texture with the absence of some reflections due to the preparation of the sample in the form of a pellet (see Experimental Section). The cell parameters relevant to the LiNaSO4 phase are reported in Table 2 . The lower values obtained for both parameters a and c indicate a contraction of the crystal structure (lower volume of the elementary unit), probably due to the releasing of the stresses (introduced by the mechanical treatment) during heating. In order to study the response of the material under different conditions, the reactivity as a function of the heating rate and the durability when subjected to multiple heating/cooling cycles were studied. In the first case, different heating rates were applied (5, 7.5, 10, 15, 20, 25, 30 K/min) maintaining the cooling rate at 20 K/min. In Figure 6 the DSC results of these experiments are shown for the samples milled 0 and 8 h (see Figure 7 ). In order to study the response of the material under different conditions, the reactivity as a function of the heating rate and the durability when subjected to multiple heating/cooling cycles were studied. In the first case, different heating rates were applied (5, 7.5, 10, 15, 20, 25, 30 K/min) maintaining the cooling rate at 20 K/min. In Figure 6 the DSC results of these experiments are shown for the samples milled 0 and 8 h (see Figure 7 ). As expected, a very similar behavior was obtained for the two samples with no significative differences in the shape of the peaks, thermodynamic values, and transition temperatures (both onset and peak temperature). The same samples were then cycled 20 times at a rate of 20 K/min performing the first and the last cycle at 10 K/min to calculate the enthalpy of the transition at the beginning and at the end of the experiment thus determining the stability upon cycling (Figure 8 ). In the figure, the enthalpies values relevant to the first and the last cycle are also depicted. The results are very promising in terms of TES performance. The sample shows high reversibility and fast and good kinetics with a hysteresis below two degrees. Almost no variation of the enthalpy was observed after 20 cycles being the slight difference within the experimental error. The SEM pictures (see Figure 9 ) after 20 cycles and after three cycles in the DSC show that, after already three cycles, there is the sintering of the material. It is worth to note that the sintering does not affect the reactivity. The last experiment we want to report in this paper is the behavior of the materials in air. Indeed, the utilization of the materials for TES application in ambient conditions (air contact) is highly desirable. This would allow the use (for example) of air as heat transfer fluid in direct contact with the material with no special care to avoid contamination. The last experiment we want to report in this paper is the behavior of the materials in air. Indeed, the utilization of the materials for TES application in ambient conditions (air contact) is highly desirable. This would allow the use (for example) of air as heat transfer fluid in direct contact with the material with no special care to avoid contamination.
The material was prepared in an oven with the pellet placed above an Al 2 O 3 support (see Section 2.3). The results confirm the possibility to work in air without any degradation of the sample after three cycles ( Figure 10 ). It is worth to note that there is a slight variation from the stoichiometric composition as shown by the presence of an extra small peak in the DSC, well visible in the cooling step. At this moment, aging tests are being carried out in order to determine the performance of the material after a representative number of cycles (at least 100). The eutectoid composition 79/21 was studied under similar conditions to those applied to the 50/50 composition. Comparable results were obtained regarding the reactivity after milling and subsequent thermodynamic characterization. As an example, in Figure 11 , the XRD results of the sample 0 h + 15 min. of mixing prepared (a) after milling and (b) after heating in the oven under air atmosphere are reported. The milling applied for the preliminary preparation of the material induced the formation of the stoichiometric phase LiNaSO 4 . The refinement results (not shown here) of the sample after milling, confirm the presence of around 60% of this phase together with Na 2 SO 4 , hydrated Li 2 SO 4 ·H 2 O and traces of Li 2 SO 4 . The XRD of the sample after heating treatment in the oven shows, as expected, only the phases LiNaSO 4 and anhydrous Li 2 SO 4 (β phase).
The energy related to the eutectoid reaction of the sample prepared in air is reported in Figure 12 where the DSC after preparation and the cycling behavior (20 cycles) are shown. The DSC results show the high reproducibility of the reaction. The enthalpy after 20 cycles is 185 J/g.
As expected from the theoretical results ( Table 1 ) the onset of the reaction is at around 470 • C. It is noteworthy that the enthalpy associated with the reaction is higher when compared to the composition 50/50 (184 J/g against 160 J/g). As already pointed out, this is in contrast with the theoretical prediction where the formation of the stoichiometric phase should be characterized by a higher enthalpy than in the eutectic composition (318 J/g against 270 J/g). For the moment we do not have an exhaustive explanation for this behaviour, as it is not clear why lower values of enthalpies are obtained. Indeed, analysing the material after heating treatment (both compositions) it is undoubtable that, for example, in the case of the 50/50 composition there is the quantitative formation of LiNaSO 4 . These results were reproduced many times arriving always at the same conclusion. For the eutectic composition, similar reasoning can be made observing, after heating treatment, the expected phases in the predicted composition. 50/50 composition. Comparable results were obtained regarding the reactivity after milling and subsequent thermodynamic characterization. As an example, in Figure 11 , the XRD results of the sample 0 h + 15 min. of mixing prepared (a) after milling and (b) after heating in the oven under air atmosphere are reported. The milling applied for the preliminary preparation of the material induced the formation of the stoichiometric phase LiNaSO4. The refinement results (not shown here) of the sample after milling, confirm the presence of around 60% of this phase together with Na2SO4, hydrated Li2SO4•H2O and traces of Li2SO4. The XRD of the sample after heating treatment in the oven shows, as expected, only the phases LiNaSO4 and anhydrous Li2SO4 (β phase). The energy related to the eutectoid reaction of the sample prepared in air is reported in Figure  12 where the DSC after preparation and the cycling behavior (20 cycles) are shown. The DSC results show the high reproducibility of the reaction. The enthalpy after 20 cycles is 185 J/g. 
Thermal Energy Storage Performance
In Table 3 , the TES performance of the two compositions proposed in this study is compared with the reference's materials in both latent heat storage (NaNO 3 ) and sensible storage. Reinforced Concrete [34] 0.85 58 50
Magnetite [35] 0.9 100 120
The specific heat reported in the table (both compositions) was measured in this study by DSC analysis. When considering the latent heat, similar TES performances to NaNO 3 can be achieved, however, we should keep in mind all the additional advantages due to the solid nature of the system. When the sensible storage performance is taken into account it can highlight the considerably higher volumetric energy density in the case of the materials proposed in this paper, calculated using as ∆H the sum of the enthalpy of transition/reaction and the specific heat contribution for a ∆T of 100 • C.
The work is now in progress in order to clarify the discrepancies obtained between the theoretical prediction and the experimental results. Moreover, experiments using a representative amount of materials (grams) are ongoing together with the study of the mechanical properties in view of, for example, a packed bed TES application.
Conclusions
The Li 2 SO 4 -Na 2 SO 4 system is very promising for thermal energy storage applications at high temperatures. The high enthalpy of reaction/transformation, the good reversible behaviour, the fast kinetics, the negligible hysteresis, the possibility to work in air and the solid nature make it a very promising material for the application addressed. Because of the nature of this system (phase transition and solid-state nature) it could be used as latent heat storage materials in applications that require constant temperature and as sensible heat storage material in a range of temperature. 
